higher in young pullets than in old hens [4] . A slower growth of follicles with age may result from decreased concentrations of follicle stimulating hormone. Furthermore, the sensitivity of large follicles to LH reduces [5] .
The major characteristics of hatching eggs (weight, composition and the ratio of ingredients, shell thickness and porosity, the incubation outcomes, the quality of the obtained young stock) are subject to changes as the population in the breeder flock ages [6] [7] [8] [9] [10] [11] . The analysis of the incubation outcomes in 37 % of eggs from meat chickens in the Netherlands in 2004-2006 (7.5 million eggs from 511 breeder flocks) showed that the following factors had the dominant influence on the hatchability (listed in decreasing order of importance): the breeder age, duration of egg storage, and poultry genotype [12] .
For the first time in the Russian-language specialized literature, this review summarizes and discusses the investigations on the characteristics of reproductive function in highly productive poultry depending on the breeder flock age. The focus has been made on changes in the quality of hatching eggs and the resulting young stock, as well as on the metabolism of embryos according to the mothers' age.
The phenomenon of increased weight of eggs from aging laying fowls was found virtually in all types of poultry. For example, in Cobb 500 meat chickens at the age of 29 and 59 weeks, egg weight was 53.8 and 71.3 g, i.e. increased by 32.5 % [13] . This value increased by 13.2 % in Hy-Line Brown layers aged from week 25 to 65 [14] , by 10.0 % in Peking ducks aged from week 26 to 42 [15] , and by 8.1 % in turkeys from British United Turkeys of America at weeks 33 to 43 [16] .
With the increase of the absolute weight of eggs, the same process affects the egg white, yolk and shell, but these changes are asynchronous. Weight gain in egg yolk is more pronounced than in the egg white, which is expressed by the yolk-white ratio [7] . Thus, this value increased from 0.5 to 0.6 in ducks from week 26 to week 31 [15] , from 0.4 to 0.5 in 30-to 60-week turkeys of Hybrid and Nicholas lines [17] , and from 0.4 to 0.5 in Arbor Acres chickens aged week 26 to week 35, whereas the plateau [18] was recorded at the age of 35 to 47 weeks [18] . In Single Comb White Leghorn hens aged 28 to 78 weeks, this value as percentage ranged from 36.6 to 46.6; it decreased to 40.8 (19) upon reaching 97 weeks of age. An increase in egg weight observed with hens aging is a consequence of gradual failure in egg production intensity caused by decrease in the number of follicles that reach the final phase of rapid growth [20] . Therefore, each follicle has a larger proportion of the resulting yolk.
The eggshell quality changes with the age of the laying hens [10, 21] . The egg and eggshell weights in 61-week-old chickens of Xy-Line W36 cross (respectively, 58.9 and 4.9 g) were increased compared to those at the age of 25 weeks (50.3 and 4.7 g), however, the relative shell weight, its thickness and the impact strength decreased, respectively, from 10.6 to 9.6 %, from 0.33 to 0.31 mm and from 4.3 to 3.4 kg/cm 2 [22] . The eggshell thickness in 30-and 60-week-old chickens of Cobb 500 cross was reduced from 0.37 to 0.36 mm (23) . The impact strength in eggs from 76-week-old Lohmann White chickens decreased from 3.64 to 2.60 points compared to that in eggs from 28-to 32-weekold hens [24] .
Changes in the eggshell properties arise from disorders in calcium turnover in the body of the layers, which normally develop with age. Thus, serum calcium concentrations in the Lohmann White chickens decreased from 4.82 mmol/l in the prelaying period (18 weeks) to 2.73 mmol/l at the end of laying (80 weeks age), while in the mixture of the egg white and yolk the calcium content increased from 12.30 to 15.87 mmol/kg [25) . The data showed that in the final pe-riod of egg production absorption of calcium from food reduces, and the reserves of bone tissues deplete. This triggers accelerated rates of calcium transport in the blood-egg system. Duodenal calcium uptake rate in the laying hens at 37 to 58 weeks of age decreased from 408 to 329 pmol/mg tissue per min, the ash content in the femur fell from 50.8 to 47.6 %, and shell thickness was reduced at week 22 to week 57 from 403 to 373 mm [26] . In grey Japanese quail at 10 and 32 weeks of age, calcium levels in the shell were 37.6 and 31.2 % [9] .
Humidity in the incubator cabinets should be appropriately adjusted taking into account changes in the eggshell quality. Significant weight losses in hatching chicken eggs were observed due to increasing flow of water vapor through the shell, i.e. from 4.21 to 5.44 mg/(day∕100 g∕kPa) starting from the beginning of the egg use from young breeders to 77-week-old chicks [27] . The authors proved the need to increase the relative humidity in the incubator cabinets from 53 to 66 % with hens aging during the first cycle of egg production.
The shell weight of eggs from 78-week-old Hisex Brown and Bovans Brown hens compared to 33-week-old pullets decreased, respectively, from 5.7 to 5.5 g and 5.3 to 5.2 g, the nitrogen content fell from 0.33 to 0.28 % in the shell, and from 0.35 to 0.31 % in the inner shell membrane [28] . Furthermore, the eggshell became thinner. If in the early laying period (33-45 weeks) its thickness at the equator in eggs from Hisex Brown chickens was equal to on average 360.8 microns, in the final period (66-78 weeks) it was 346.9 microns. Decreased strength of the eggshell was registered, as well violations of its crystallographic texture with the aging of the layers that may be due to changes in the organic matrix [29] .
The microflora penetrates the egg mainly through the pores in the eggshell. For example, Salmonella contamination of the surface of eggs from 32-and 58-week-old chickens was, respectively, 1.5-2.1 and 2.98 log CFU/ml, depending on the duration of their storage after inoculation [30] . This is due to changes in the properties of the cuticle, closing the pores. During the entire period of the egg production its thickness, glycosylation and lipid content usually decrease [31] . As a result, the permeability of the eggshell in eggs from older mothers increases, resulting in a threat of bacterial contamination of the egg contents.
An increase in the egg weight, seen with advancing age of chickens, and related changes in absolute and relative values of the egg white and yolk weights affect their chemical composition. A. Nangsuay et al. [32] investigated small and large eggs from 29-week-old (58.3 and 65.6 g) and 53-week-old (58.4 and 66.1 g) Arbor Acres chickens. Both categories of eggs from young pullets had yolks with almost equal weight (15.9 and 16.1 g), whereas larger eggs from older layers contained 1.9 g, or 10 %, more yolk than the smaller ones. Larger and smaller eggs from older birds contained, respectively, 3.0 g (10.2 %) and 4.33 g (11.4 %) less of the egg white than those from younger pullets. Opposite relations between the dry matter amounts and bird's age and egg weight were revealed.
The major stock of nutrients in an egg contains in its yolk, such as 70.6 % of dry matter, 47 % of protein, 99 % of lipids, and the latter provide more than 90 % of the energy used for embryogenesis [33] . The rates of lipid metabolism in the offspring both in the embryonic and post-embryonic periods change as their parents age. Low serum total cholesterol and high density lipoprotein cholesterol are typical for chicks from young pullets (compared to the peers who are the offspring from older hens) [34] . For example, high density lipoprotein cholesterol levels in chicks from 36-, 51-and 64-week-old hens were, respectively, 87.2, 126.6 and 102.7 mg/dl. The data confirm findings of the studies [35] , which demonstrated reduced yolk lipid absorption in embryos descendants from 36-week-old chickens as compared to 51-and 64-week chickens.
The differences in the rates of lipid metabolism in the embryos, depending on the age of their mothers, are due to the kinetics of chemical reactions in the yolk sac. Thus, the Δ6-and Δ9-long-chain fatty acids (FA) desaturation activities in the membranes of the yolk sac are increased in the early stages of yolk lipid assimilation in embryos from 36-week-old chickens [36] . As a result, linolenic acid is converted to arachidonic acid and stearic acid to oleic acid. The depression of the activities of Δ5-and Δ6 fatty acid desaturases has been observed involving adrenocorticotropic hormone [37] , which serves as a promoter of corticosterone production and participates in lipoprotein metabolism [38] .
It appears that the small intestine in the embryos born to mothers of different age is unequally developed, and that underlies the identified metabolism variations. Villi of the duodenum and the jejunum in the day-old chicks produced from eggs laid by 48-week-old Ross chickens were wider, and the jejunal ones even longer, than in the offspring from 29-week-old layers [39] . Consequently, the area of the surface absorbing nutrients was greater in the former than in the latter.
A lower relative weight of the yolk sac was registered in eggs from 26-week-old hens compared to 28-and 30-week layers, and it was, respectively, 17.8, 18.6 and 18.5 % (incubation at 53 % humidity) [40] . Lipid levels in the yolk of eggs from 26-week-old hens when incubated in the setter at 63 % humidity were higher compared to those obtained after incubation at 53 % humidity. However, during the incubation of eggs from 30-week birds this value was lower at 43 % humidity than at 53 % or 63 %.
FAs added to the yolk during the vitellogenesis are the main source of energy and water for the developing embryos. The levels of stearic and arachidonic fatty acids in the yolk of fresh eggs from 26-week-old hens were higher than those in the yolk of eggs from 28-and 30-week-old chickens. The arachidonic FA amount was, respectively, 2.7, 1.8 and 1.8 % [40] .
Increased assimilation of FAs, such as palmitic acid, from the yolk sac was observed in the incubation setting with a humidity level at 53%, compared to 43 % or 63%. This confirms the results of the studies [41] on the role of palmitic FA in the synthesis of embryo tissues. If chicken eggs are incubated at 37.5 С, the optimal humidity is 53 % [42) .
E.E. OnbaŞılar et al. (43) differentiated eggs from 31-and 78-week-old ducks based on their weight: small (75-80 g), medium (81-85 g) and large ones (86-90 g). The albumen index was, respectively, 8.2, 7.9, 7.3 and 7.6, 7.0, 6.3 %. The levels of oleic and linoleic FAs in the yolk of eggs of all categories decreased with the age of the mothers and averaged to 45.9 % and 43.3 % (in 31-week-old ducks) and 20.4 % and 18.3 % (in 78-week-old ducks). On the contrary, the concentrations of myristic, palmitic and stearic FAs and the sum of saturated acids increased. In meat chickens, the amounts of myristic and linoleic fatty acids in egg yolks decreased with age (28, 44 and 65 weeks), respectively, from 0.34 to 0.24 and from 21.60 to 13.87 mg/g [44] .
The same was observed in meat hens regarding the fertility rates (a decrease from 97.83 to 73.00 %) and hatching rate (from 92.00 to 62.78 %). Conversely, the embryonic mortality during the incubation period, as well as the live weight of the one-day chickens increased, respectively, from 2.73 to 8.93 % and from 36.58 to 45.31 g [44] .
Fertility and hatchability of the eggs correlate with other characteristics of their quality. According to V.I. Fisinin et al. [7] , when the yolk weight increased (from 18.92 to 23.31 g), the weight of eggs, laid by meat chickens of the same age, also increased (from 62.83 to 70.09 g), while during 60 weeks the egg production significantly decreased (from 119.76 to 109.83 pcs.), as well as the fertilization rates (from 94.2 to 79.47 %), however, hatchability rates remained practically unchanged. When the egg weight increased by 1.62 g, the yolk weight increased by 1.00 g, the fertilization rate decreased by 3.3 %, and the egg production was lower by 1.85 pcs per hen. The egg weight correlated with the hatchability rates, which were the highest ( 96 %) in medium eggs (50-60 g ), whereas at 60-65 g and 70 g, the hatchability rates decreased, respectively, by 5.9 and 13.5 % [45] . In 2004-2006, in the Netherlands, when obtaining 7.5 million eggs from meat chickens at 25, 31-36 and 65 weeks of age, the hatchability rates were, respectively, 66, 86 and 50 % [12] . Such a significant change in one of the main indicators of the bird reproductive capacity due to the breeder flock aging are caused by the characteristics of offspring embryogenesis.
The study of embryogenesis in eggs with almost the same weight (64.4-64.8 g) from the Ross 308 and Cobb 500 chickens demonstrated high respiratory quotient in the offspring of 45-week-old birds (0.84) compared to the 29-, 34-, 40-, 55-and 59-week-old hens -0.65; 0.73; 0.76; 0.67 and 0.72, respectively [46] .
The O 2 consumption, CO 2 production, respiratory quotient, and metabolic heat production were independent of the genotype during the entire period of incubation. However, there were differences in the values for an individual day. For example, on day 18, the eggs from the Ross 308 and Cobb 500 chickens assimilated O 2 at 873.5 and 802.7 ml/day and released the heat at 194.9 and 180.8 mW/day [46] .
In Ross 308 and Cobb 500 chicks, the total heat production during the incubation period appeared to be identical, i.e. 1,728 and 1,712 mW, respectively. A correlation was revealed between the metabolism rates in embryos and the age of laying hens. On average, the eggs from the 29-, 45-, 55-and 59-week-old chickens of both genotypes released, respectively, 1,712, 1,677, 1,808 and 1,832 mW of heat against only 1,601 mW in the eggs from 34-36-week-old birds. It should be noted the phenomenon of increased heat production in the embryos, which are the offspring of 55-and 59-week-old chickens [46] . The same pattern in metabolic heat production is seen in turkeys [17] . For example, on day 27, in the eggs from 30-, 34-, 55-and 60-week-old chickens the heat release was 231, 265, 288 and 307 mWm respetively.
A. Nangsuay et al. [47] divided the eggs laid by the 29-and 53-week-old chickens within the ranges of 57-61 and 66-70 g and formed the batches of small and large eggs, respectively, from young (MM and KM) and old (MC and KC) layers. The yolk-white ratio was increased in MC and KC (0.57 and 0.55), compared to MM and KM (0.44 and 0.29). Moreover, the greatest differences were registered between КС and КМ hens. Due to the increased weight, the egg yolks from МС and КС contained more energy than MM and KM (274.3 and 310.24 kJ against 238.28 and 233.18 kJ, respectively). Body weight (without residual yolk) of chicks, hatched from eggs of all batches, was identical. However, the dry matter amounts and fat contents in the residual yolk in the chicks from mothers of the older age group (compared to younger group) were higher, while protein levels lower. Starting from day 16 of the incubation, the MC and KC birds released more heat energy than the MM and KM hens. For example, from day 16 to day 18, such an increase for the MC hens compared to MM pullets was 22 mW per egg.
Hatching out as one of the crucial periods of embryogenesis [48] is accompanied by the distress of the embryo's neuroendocrine system, which is reflected by the increased functional activity of the thyroid gland and the hypothalamus-pituitary-corticoadrenal system [49] . The time from the start of incubation to the eggshell pipping and the total duration of the incubation, as well as the intensity of hatching out depend on the breeder flock age.
The eggshell pipping and the hatching in 29-week-old Cobb 500 chickens began, respectively, 494.4 and 503.8 hours after laying eggs in the incubator, i.e. with a delay compared to eggs from 59-week-old birds with their 490.2 and 500.4 hours [13] . B.P. Hudson et al. in their study [50] established the following correlation on the same chicken cross: after 492 hours of incubation, the hatching was 79.9, 86.7, 91.7 and 85.2 % in the eggs from 29-, 41-, 53-and 65-weekold laying hens, respectively. The hatching in the eggs from 44-and 72-week-old Isa-Vedette meat chickens began after 461 hours of incubation, being 6 hours later in 34-week-old pullets [8] . The average value after 485 hours of incubation of eggs from the laying hens of all ages was 71 %, but it was 58 % in the batch of eggs from 72-week-old hens, and 77 % in the eggs from the younger age groups. These data show that 94 % of the produced chickens can be removed after 491 hours of incubation, thus avoiding the effects of a number of negative factors in the incubator cabinets, including substantially increased carbon dioxide and dust amounts in the air [51] .
One reason for the extended period of incubation of eggs from young pullets is the decreased lipid metabolism in the embryos as compared to the offspring of older mothers [34, 35] .
It should be noted that the duration of embryogenesis is determined not only by parent aging, but also by other factors, such as breeding for an increased productivity, which is typical for different types of poultry [52, 53] .
Aging of the breeder flock is accompanied with the increasing weight of eggs produced from laying hens as well as the live weight of the chicks hatched from them, but their quality is reduced. Thus, when the weights of eggs from the 32-and 57-week-old Dekalb chickens were 56.2 and 63.3 g, the weights of the day-old chicks were38.3 and 43.0 g, respectively [54] . Turkey chicks of the Universal cross hatched from eggs produced from 50-week-old mothers had higher live weight in their 14 weeks of age when compared to those produced from 37-and 46-week-old mothers [55] . According to J.L. McNaughton et al. [56] , broiler cockerels (genotype not specified), produced from the eggs (47-54 and 57-62 g) of 29-week-old pullets, weighed 33 and 37 g on their first day of life, and 1,985 and 2,044 g after 8 weeks of incubation, while cockerels hatched from 57-62 and 67-74 g eggs laid by 58-week hens, were 38 and 44 g; and 2,058 and 2098 g, respectively. A.M. Ulmer-Franco et al. [13] in their study demonstrated that the day-old live weights of the offspring of 29-and 59-week-old meat chickens of Cobb 500 cross were 37.3 and 48.9 g, and after 42-day incubation their weights were 2,441.1 and 2,505.9 g. Therefore, two independent studies [13, 56] performed at an interval of 33 years in the chicken genotypes that differ significantly from each other in meat productivity, demonstrated that these values worsened with mother's age.
This relationship is associated with an increase in the yolk-white ratio in eggs from hens as they age [7, 15, [17] [18] [19] . It is known that most of the energy consumed in the process of embryogenesis is provided by the yolk ingredients [33] .
The safety of young birds is determined by several factors, including the natural body resistance, and the state of the immune system. A.M. UlmerFranco et al. [57] investigated the formation of maternal immunity in the offspring of 32-, 40-and 55-week-old chickens of Cobb 500 cross. The IgY concentrations in the yolk of fresh eggs increased with aging of chickens in terms of both relative (8.1, 9.3, 11.3 mg/g) and absolute values (134.4, 178.0, 248.1 mg). The concentration of these antibodies, calculated for 1 g of the yolk sac weight of the day-old chicks, increased with the advancing age of the parents, that was to be expected considering the same correlation with their accumulation in the yolk of fresh eggs. However, when calculating the IgY levels in the yolk sac
%, respectively. Consequently, the intensity of transporting these antibodies from the yolk sac into the chicken body varies in the offspring of parents of different ages.
The average mortality of chickens, which were produced in the Netherlands in 2004-2006 from 16,365 breeder flocks of meat chickens of different genotypes, during the first week of active life amounted to 1.82, 1.02 and 1.20 %, when the laying hens were 25, 38-44 and 60 weeks of age [58] . According to A.K. Osmanyan et al. [59] , the average fertilization rates of 26-34-, 34-38-, 38-42-and 39-62-week-old hens were 17.6, 18.1, 15.5 and 5.5 chicks, respectively.
Consequently, the egg fertilization rates, the intensity of the water vapor and metabolic heat release through the eggshell, as well as the results of incubation and the quality of the resulting young stock change with the age of mothers (Tables 1 and 2) .
Multivariate correlations between the egg quality parameters and the age of laying hens were reported. Haugh units prove to have three-factor associations with the age, time of laying eggs and the environmental temperature, while the relative share of eggs has a four-factor correlation (apart from those listed, also the poultry productivity tendency). In eggs from 65-week-old ducks, a decrease in the shell thickness was revealed as compared to eggs from 25-week birds, as well as the increased number of pores [60] . Therefore, the authors recommend to increase gradually air humidity up to 60, 65 and 70 % during the incubation of eggs from ducks aged 25-35, 36-55 and 56-65 weeks, respectively. The same technique is suggested to be applied when incubating chicken eggs [27] . The biochemical assimilation of deutoplasma nutrients in the embryo proceed with release of heat [33] . The fact that the amount of such heat increases with advanced age of the chicken mothers who produce the hatching eggs is of practical importance. In order to prevent hyperthermia in embryos, which negatively affects the development and quality of young stock [61] , it is required to incubate the eggs from young and old birds in different cabinets, adjusting temperature and humidity.
Changes in the quality of hatched eggs occurring with breeder flock aging
The appropriateness of thermal training in poultry embryos has been established to increase the adaptive capability of young stock [62] [63] [64] [65] . Obviously, the mode of such a training should be adjusted, taking into account the specific characteristics of embryogenesis (primarily, the amount of produced metabolic heat) arising from aging parents.
With advanced age of the breeder flock, there is both an increase in the weight of a hatching egg and a young bird, and an increase in the number of chickens who die in the pre-and postnatal periods of ontogenesis. One reason is a reduction in the egg incubation time as mothers age [8, 13, 50] . Therefore, the navel in the hatched chicks can be closed incompletely resulting in increased chances of penetration of the bacteria that cause inflammation of the navel and yolk sac (omphalitis) and increased mortality during the first week of life [58] .
It should be kept in mind that, with aging of the breeder flock, variations in parameters characterizing the reproductive function may occur in the setting of other limiting factors, such as the environment and/or the diet composition. There is a correlation between the profile of FAs accumulated in the egg deutoplasma and the degree of FA assimilation by the embryos, age of parents, the content of fatty acids in the diet, humidity in the incubation period, as well as the heterogeneity of the small intestine development in chicks hatched from eggs of hens of different ages [39] [40] [41] [42] [43] [44] . Therefore, it is important to optimize the content of FAs and other ingredients in diets of breeder flocks of different poultry species, taking into account their age [66, 67] .
The phenomenon of the reproductive function deterioration with age has been revealed in different species. A direct correlation was established between the incidence of Alzheimer's disease [68] , Down's syndrome [69] , autism [70] in children and the age of the parents, which exceeds 35-40 years at conception. One of the reasons underlying the correlation is an increased number of mutations in the cells of potential parents with age [71] , which is probably due to decreased efficiency of the antioxidant system [72, 73] and reduced capabilities of neutralizing the produced free radicals and peroxides. In cattle, the differences in the production of gonadotropic and steroid hormones were established, as well as in the ovarian follicles in 13-14-year-old cows and their daughters aged 1-4 years [74] .
Forced molting of hens in the breeder flock is an effective method of extending the period of egg production [75] . Changes in morphological and physiological processes in the body, caused by an induced molt, allow to regulate the egg productivity and, thus, the reproductive function. However, fertilization of eggs laid by a molted bird is reduced by 3-5 % [76] and the release of water vapor through the eggshell in the hatching eggs reaches 5.58 mg/(dayŸ100 gŸkPa) compared to 4.76 mg/(dayŸ100 gŸkPa) before molting [27] . Therefore, it seems appropriate to study the reproductive function in chicken population, subjected to forced molting (primarily the growth and development of their offspring in different periods of ontogenesis). Comprehensive research will clarify the characteristics of the offspring ontogenesis and confirm or rule out the sustainability of obtaining young stock from these birds. Therefore, with the breeder flock aging, the properties of hatching eggs change, and, consequently, the metabolism in the embryo and chicks. The egg weight and the yolk-white ratio are increased. In contrast, the eggshell quality (calcium content, thickness and strength) is reduced, which affects its permeability to water vapor, gases, metabolic heat, and microflora (it is known that the loss of egg weight during the incubation is inversely related to the thickness of the shell). The properties of the cuticle covering the eggshell are deteriorated, which also increases the probability of egg contents infection.
Fatty acids are selectively accumulated in the yolk, which is forming in the process of oogenesis, depending on the diet composition and the age of the mothers. The intensity with which the embryos assimilate the yolk lipids is mediated by the relevant changes in the enzyme activities, and the concentrations of ACTH and corticosterone. For embryos, which are the offspring of young mothers, a decreased lipid metabolism is considered typical, which leads to slower development and poorer outcomes of both the egg incubation and rearing chickens.
Rates of fertilization, hatchability of eggs, young stock production and general fertility negatively correlate with the age of the parents, while the embryo and chick mortality rates, as well as their body weight, in contrast, demonstrate a positive correlation. These patterns prove once again that a higher weight of an individual animal is not always indicative of an optimal state of health.
In the extreme age groups of parents, the chick mortality rates during rearing increases. The mothers at the end of their productive period produce the offspring earlier that the mothers of the younger age groups, however, it is associated with an increased number of sub-standard chickens.
Thus, with the breeder flock aging, the reproductive function of poultry gradually fails. The changes occurring in the quality of eggs, in the growth and development of embryos and chicks should be considered when ranging eggs, before setting them in an incubator, both by the weight and the age of parents, in order to form normalized batches and obtain the young stock with similar adaptive capabilities. Moreover, it is advisable to appropriately regulate the temperature and humidity mode during the incubation to compensate for the increased release of water vapor and metabolic heat through the eggshell.
